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ABSTRACT ’4
' i

—*{' Using Poeverlein's graphical method, three dimensional ray path
calculations are performed to evaluate the path—integrated prowth of
auroral kilometric radiation (AKR), The ray tracing results indicate
that waves whose initial wave vector lie in the local meridian planc

continue to propagate in that plane and that among these waves, those

-y H v .

with frequencies near the cutoff frequency (fR=0);féfract substan—
tially, whereas those with frequencies well above the cutoff ftrequency
suffer little refraction, It is also shown that waves whose initial
wave vector lie outside of the local meridian plane propagate in the
longitudinal as well as the radial and the latitudinal directions. The
refraction of these waves is also highly dependent upon the wave fre-

quency, i.e., waves with frequencies near fp=( refract substanttally,

IS .

whereas waves with frequencies much above fR;arﬁndorgo little refrac—
tion. 1In order to test the electron cyclotron maser mechanism as a
method for generation of AKR, a typical electron distribution functiaon
measured in the auroral zone by the S3-3 satellite, is used to calcu-
late path-integrated growths of representative rays. The results of
this study indicate that electron distribution functions like those
measured by the 53-3 satellite are not capable of amplifyiny cosmis
noise background to the observed intensities of auroral kilometric
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radiation, and that much steeper slopes 03;—) at the edges of the loss
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cone are required. The presence of such distribution functions in the
auroral zone is plausible if one assumes that backscattered electrons

in this region have energies less than a few hundred eV.
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I. TINTRODUCTION

Among the many theories proposed for the generation of auroral
kilometric radiation (AKR), the one suggested by Wu and lee [1979] has
been most consistent with the particle and wave observations in the
auroral zone. 1In this theory mildly relativistic electrons with a loss
cone distribution amplify right-hand polarized extraordinary (R-X)
waves via the cyclotron maser mechanism. Observations of auroral kilo-
metric radiation indicate that AKR consists of both right- and lett-
hand polarized radiation, with the most intense and dominant component
of this radiation in the R-X mode [Gurnett and Green, 1978; Kaiser et
al., 1978; Benson and Calvert, 1979; Shawhan and Gurnett, 1982].
Measurements of the electron pitch angle distributions in the auroral
zone by the S53-3 satellite have confirmed the existence of loss cones
in the upgoing side of these distributions [Mizera and Fennell, 1977;
Croley et al., 1978].

In the past few years much work has been done to further develop
the work done hy Wu and Lee [1979] and improve our understanding of the
cyclotron maser mechanism [Lee and Wu, 1980; Omidi and Gurnett, 1982;
Wu et al., 1982; Melrose et al., 1982; Dusenbery and Lyons, 1982;
Hewitt et al.,, 1982; Hewitt and Melrose, 1983; leQueau et al,, 19813;

Omidi et al., 1984]. 1In these works the relativistic cyclotron reso-

nance condition has been extensively studied and its properties are now
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well understood. Furthermore, in order to improve the growth rate
calculations done by Wu and Lee [1979}, more accurate expressions for
the growth rate, and more representative distribution functions have
been used. For example, Omidi and Gurnett [1982] and Omidi et al,
[1984] used a typical electron distribution function measured by the
S3-3 satellite to calculate growth rates of AKR, Wu et al. [1982]) and
Melrose et al. [1982] have also computed growth rates by using model
electron distribution functions based on measurements of the S53-3 and
ERSO 4 spacecrafts, respectively, The results of these growth rate
calculations have shown that waves with frequencies near the electron
gyrofrequency and large wave normal angles, can grow to large ampli-
tudes by extracting the free energy of the electrons in the loss cone.
However, as was pointed out by Omidi et al. [1984], the fact that
only waves with large wave normal angles can be amplified has raised
the question as to whether refraction of waves in the source region can
hamper thefr pgrowth, In order to answer this question, it 1s necessary
to calculate the path integrated growth of these waves and see whether
an overall amplification is obtained or not. 1In this paper, three
dimensional ray path calculations of the auroral kilometric radiation
are performed by using Poeverlein's graphical method. This method
employs the fact that as rays propagate in a plain stratified medium,
the components of the wave vector (f) in the stratified plane remain

constant. The results of this ray tracing study {ndicate that waves

with frequencies (f) near the local R-X cutoff frequency (fpeq) suffer
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the most refraction and as f gets larger the amount of refraction
becomes less.

In order to compute the path integrated growth of the waves, it
has been assumed that the electron pitch angle distribution remains the
same along the ray path, and therefore the only parameters that change
are the electron plasma frequency (fp), the electron gyrofrequency
(fg), the group velocity (vg), and the wave normal angle (). The
expression for the growth rate and the electron distribution function
used in computing the growth rates are the same as thosc given in Omidi
et al. [1984].

Computations of the path integrated growth of AKR have shown that
while the S3-3 electron distribution functions are unstable, they arce
not capable of providing sufficient amplification for the kilomctric
radiation. Using two wodified electron distribution functions with
much steeper slopes (%%I) at the edges of the loss cone, it is
demonstrated that the cyclotron maser mechanism can be a viable gencra-—
tion mechanism for AKR if electron distributions with larger slopes
Gggf) exist in the auroral region. Since measurements of sharp cdpes

L
in the distribution functions are extremely difficult, onc cannot rule
out the possibility of thefr existence bhased on the present spacecraft
data. Some elementary theoretical considerations seem to indicate that
electron distribution functions with much steeper slopes at the edge of
the loss cone may exist if one assumes that all the backscattered eloe-

trons have energles less than a few hundred eVs.
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II. RAY TRACING

In this section Poeverlein's graphic method of ray tracing is
briefly discussed, and the results of the three-dimensional ray
tracings for the auroral kilometric radiation are presented.

In Poeverlein's graphic method of ray tracing it is assumed that
waves propagate in a plane stratified medium. This method utilizes the
fact that although the wave vector ﬁ changes along the ray path, the
components of ﬁ in the stratified plane remain constant.

For the model used in this paper, it is assumed that the stratified
plane (i, §) is perpendicular to the gradient of the magnetic ficld
(?B) as shown in Figure la. This model is justified by noting that
since in the auroral region the fp/fg ratlo i{s usually very small
(fp/fg < .l), [Benson and Calvert, 1979], small variations of the
electron density can bhe ignored. The refraction of the waves is then
mainly determined by the geomagnetic field, which is assumed to be
dipolar, In Figure la, ({, 5, k) forms a Cartesian coordinate system
in which k is along the magnetic pole and ({, f) lie in the magnetic
equator, The origin of the (Q, §, z) system is the launching point for
all the rays and in this study it 1s located at a radial distance of
R = 13,940 km, a magnetic latitude of X = 70° and a magnetic longitude
of L = 0°, Note that the (;, 2) plane lies on the (i, v) plane which

detines a mapnetic meridian,
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Stace the refraction of waves 1s assumed to be controlled by the
Earth's dipole maynetic field, the model for the electron density used
in the present study is a simple one. The fp/fg ratio is kept at 0.05
throughout the region where the ray tracing is performed. This model
Is consigtent with the fact that pradients in the clectron density
should have a negligible effect on the ray path when fp/fg ratio is
small. It should, however, be mentioned that this simple model ignores
the density enhancements within the auroral plasma cavity reported by
Benson and Calvert [1979). These density enhancements could result in
partial reflection of the waves, as suggested by Calvert [1982] in his
laser feedback model of AKR, We will come back to this point later.

As mentioned earlier, the origin of the (;, §, z) system 1s the

launching point for all rays. Once the wave frequency and the

direction of k arce chosen, the components of the index of refraction
vector, N = %5 along the x axis (Ngo) and the § axis (Nyo) are
determined and remain unchanged along the ray path. As the ray is
stepped forward along the group velocity Jg (which is perpendicular to
the index of refraction surface) a new value for the index of refrac-
tion is computed. By constructing a new coordinate system (;', §', E')
parallel to (Q, §, 2), with its origin located at the new position of
the ray, new values of the wave normal angle U and the azimuthal angle
+ (see Figure 1lb) can be determined such that the components of N in

the x' and y' direction are Nyxo and Ny,, respectively. Note that

although at the launching point, B is in the (§, 2) plane, at

subsequent points along the ray path the local 8 will not lie in the
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(;', z') plane unless initially ; = 0, in which case the ray propagsates
in the meridian plane,

Before illustrating specific rays that were computed in this
study, it is helpful to review the general results which are summarized
in Figure 2. This figure shows the ray paths for four waves with
different frequencies and initial k direction, all starting from the
same point., Rays (a) and (b) lie in the front meridian plane (i.e.,
initial ) = 0 and K has no longitudinal component). Ray (a) has a fre-
quency near the cutoff frequency and is refracted considerably, whereas
ray (b) which has a frequency much above the cutof! frequency sutlers
much less refraction. This dependence is easily explained by noting
that initially, the index of refraction N of ray (a) is very smaltl -(due
to the fact that f is near fgp-g) and therefore the components of N in
the stratified plane are very small. As ray (a) propagates, N gets
larger and in order for the components of N in the stratified plane to
remain constant, the wave normal angle 9 has to decrease (note that
B is nearly perpendicular to the stratified plane, i.e., . in Figure 1b
is small). Ray (b) on the other hand has N ~ | and its index of
refraction does not change appreciably as it propagates. Therefore, 11t
will not suffer as much refraction. Rays (c) and (d) whose initial k
do not lie in the front meridian plane (initially J = 90°) propagate in
three dimensions from the front towards the back meridian plane. Again
ray {(c¢) with a frequency near the R-X cutoff frequency refracts sub-
stantially, whereas ray (d) which has a frequencv well ahove the cutoft

frequency travels longitudinally without too much refraction. As can
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be scen in Flgure 2, rays (a) and (b) which initially have | =
propagate only in the radial and latitudinal directions, whercas ravs
(¢) and (d) propagate mostly in the longitudinal and radial directions.
Thus, as the initial value of ; increases, the rays travel more in the
longitudinal direction and less in the latitudinal direction.

Having described the general behavior of the R-X mode waves in the
AKR source region, we now focus on six specific waves whose frequency
and initial k direction are shown in Table l. The ray paths of these
wiaves are represcntative of the different types of ray paths that are
observed,  In Figure 3 the variations of the wave normal angle ' as a
funct ton of path length are shown. The total path length for each ray
shown in this figure is 100 km., From Figure 3 one can draw the follow-
ing conclustions, Clearly rays #1 and #2 whose frequencieé are near the
cutoff frequency fp=p, suffer substantial refraction, whereas rays #3
through #6 whose frequencies are well above fr.(p, do not suffer as much
refraction, 1Tt is also evident that much of the refraction occurs in
the first twenty kilometers of the ray path., As will be seen later,
this effect plays a crucial role in preventing waves from getting
amplified. Another point to notice in Figure 3 is that two rays with
the same frequency but different initial azimuthal directions ¢ are
refracted differently, with the wave propagating in the meridian plane
suffering more refraction. The reason is that for a ray travelling in
the meridian plane the magnitude of B changes more rapidly than for a
ray propagating in the longitudinal direction. However, this differ-
ence in refraction is not substantial, and as will be shown later it

does not lead to markedly different path integrated growths,
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In Figure 4 the variations of the magnetic longitude and latitude

of each of the six rays for a path length of 400 km are shown., The

starting point for all the rays is at a latitude of 70° and a longitude

of 0°, The fact that rays #2 and #4 are propagating in the meridian
plane is obvious. Note that since ray #2 undergoes more refraction
than ray #4, it does not extend to as low a latitude as does ray #4,
In other words, ray #2 refracts upward much more than ray #4. 1t fis
evident 1in Figure 4, that rays #5, #3, and #1 with their initial . =
90°, travel mostly in the longitudinal direction with ray #1 prupagat-—
ing a bit more in the latitudinal direction due to more refraction.
Finally, ray #6 whose initial azimuthal angle is . = 20°, travels hoth
in the longitudinal as well as the latitudinal directions,

Having seen the general hehavior of the waves in the anroral

region, we now proceed to evaluate the growth of these waves by the

cyclotron maser mechanism.
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ITII., PATH INTEGRATED GROWTHS USING MFASURED DISTRIBUTION FUNCTIONS

As was mentioned earlier, although the electron distribution fuuc—
tions measured in the auroral region are unstahle and have large growth
rates in certain frequency ranges, a large growth rate by itself is not
sufficient to insure that the waves will grow to sufficiently large
amplitudes along the ray path. To demonstrate this point, the growth
and damping rates of AKR as a function of frequency for four different
wave normal angles are shown in Figure 5. These growth rates were
computed by using the clectron distribution function measured hy the
S$3-3 satellite (see Figure 6) and the method of calculation given in
Onidi et al, [1983]., From Figure 5 it is clear that substantial growth
rates can be obtained only when 0 ~ 80°., When O < 70° all waves are
damped. The reason is that as { gets smaller most of the resonant
electrons lie outside the loss cone region where (%%m) is negative
(see Omidi and Gurnett [1982]), Thus, the only way éﬁat waves can grow
to large amplitudes is if the ray paths are such that ) remains close

to 80° for a considerable length of time. To see if such waves indeed

occur, we have calculated growth factor (G) defined as:

G : explg] ) 1)
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L 'ui(’?,')
where 3 = [ ———x d U

- {
5 Vg(h')

fs the exponential gain factor. s;(&') and vg(h') are the imaginary
part of the frequency and the group velocity as a function of distance,
respectively, and L. is the path length. The growth rates (') are

computed in the same manner as in Omidi et al, {1984)., The group

velocity Vg is given by

R YN | SRR IR
Yu WG+ kz(ﬁu) ’ (2)

3o g
where (jE) and (7%) are found by using the dispersion relation obtained

in the cold plasma approximation. The value of vy is zero when
f = fr=g and rapidly approaches the speed of light as uf - (f - fp.p)
increases (see Dusenbery and Lyons [1982]).

Intensity measurements of AKR indicate that the growth of the
cosmic noise background electric field by a factor of G = ¢!V ig
sufficient to account for the observed intensities of the kilometric
radiation, i.e., g ~ 10 gives the required amplification, In Figure 7,
a plot g vs, L for the six different rays discussed in the last section
are shown. In order to calculate g, it has been assumed that electron
distribution functions similar to that shown in Figure 6, exist along

the ray path, Figure 7 clearly illustrates that rays #1 and #2 with

frequencies near the cutoff, suffer heavy damping due to the rapid
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refraction that they undergo. In other words, although these rivs
start with % sufficiently near 90° for large growth rates thev canoot
maintain these wave normal angles long enough to be amplified. Also
note that alrhough ray #1 propagates in the longitudinal direction, its
damping 1s similar to that of ray #2 which prupagates in the meridian
plane.

As can be seen in Figure 7, rays #3 and #4 which suffer wmuch losgs
refraction are initially amplified but are later absorbed. The naximm
g for these rays is less than 0.5. Therefore, the initial growths of
these rays are not anywhere close to the growth reqaired 1o acconmt for
the intensities of AKR,” Similarly, rays #5 and #6 arc Initilally ampli-
fied and suffer subsequent damping. These rays, however, are amplificd
less and propagate a larger distance before getting damped. A compar-
ison of g between rays #3 and #4 or #5 and #6 demonstrates that rays
propagating in the longitudinal direction travel a larger distance

before getting absorbed. This occurs because for a given frequency

waves propagating in the longitudinal direction suffer less refraction.,
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IV. PATH INTEGRATED GROWTHS WITH ARTIFICIALLY

STEEPENED VELOCITY GRADIENTS

Judging from the results shown in Figure 7, it seems certain that
with electron distribution functions like those measured by the S$3-3
satellite, the cyclotron maser mechanism cannot account for the
generation of AKR. Thus, if the cyclotron maser Instability {s to
remain a viable mechanism for the generation of AKR it is necessary for
the electron distribution in the loss cone to have steeper slopes (%gf)
than those measured by S3-3 satellite. Since wave particle inter~ ‘
actions tend to fill in the loss cone via pitch angle scattering, thus
reducing the velocity space gradients, it 1is possible that electron
distribution functions with steeper slopes do In fact exist. Further-
more, because of the limitations imposed by the angular (fields of view
are 7° x 10° FWH!) and temporal (20 sec. for a complete angular distri-
bution) resolution of the S3-3 particle.instrumentatton, it is posstible
that electron distribution functions with velocity gradients much
steeper than those shown in Figure 6 exist, but are not detected. In
this section we estimate the minimum velocity space gradients {n the

loss cone that would be required to amplify the cosmic notse bhackjyround

to the observed intensities of AKR,




To construct electron distribution functions with steeper slopes

1y . vy -
(—7‘,‘-) in the loss cone than those measured by the S3-3 satellite, we
il

1
1

ased the tollowing approach, Generally speaking, the c¢lectrons in the

loss cone can be broken into three separate populations, one population

consisting of the electrons that were pitch angle scattered into the

loss cone via the wave particle interactions; the second population

being composed of the backscattered electrons; and finally, the third

population consisting of the electrons with ionospheric origin. The

electron distribution function shown in Figure 6 was measured in the

auroral region and at the radial distance of about 2.2 Ry where an

electrostatic potential drop of about 1| kV with respect to the top of

the fonosphere is believed to exist [Croley et al., 1978]. Since most
of the lonospherte electrons have enerpies less than 1 keV, then once

can assume that these clectrons will not be able to reach the §3-3

satellite, As for the backscattered electrons, a detailed study of the
collisions of the downgoing electrons with the particles in the iono-
sphere is required to determine thelr energy spectrum. Since such a
study is beyrnd the scope of this paper, we simply assume that the
backscattered electrons at the height of the 5$3-3 satellite have ener-
gies of a few hundred eVs or less so that they do not resonate with
waves. Based on this assumption, all the high energy electrons in the

loss cone are due to pitch angle scattering. Therefore, the electron

distribution function prior to wave particle interactions must have had ‘

an empty loss cone., However, even if tne loss cone is empty, a limita-

tion still exists on the steepness of the loss cone bhecause the



absorption in the atmosphere 1is not an abrupt boundary., This timita-

tion may be analyzed in the following way. At high altitudes the elec-
trons are collisionless, however, as they approach the ionosphere they
reach a point on the field line (M}) where collisinns with particles in
the atmosphere start to become important. This point can be taken to
be the mirroring point for the electrons and defines the loss cone
angle a). It is obvious, however, that not all the electrons passiog
this polnt will immediately suffer a collision, and therefore some of
these electrons will mirror back before suffering a colliston, We now
define a second point My on the same field line and helow M) sueh that
all the electrons passing My will either be mirrored back or scattercd
before reaching MMy, i.e., the distance between M) and My is on the
order of an electron mean free path, We denote this distance by M.
Point My defines a loss cone angle up below which essentially no par-
ticles exist in the loss cone. Since some electrons passing the point
M) are scattered while others are ‘irrored before reaching My, one can
see that the electron distribution in the loss cone drops abruptly as
one goes from «) to up. This scattering process can he used to put a
limitation on the steepness of the slopes at the edge of the loss cone,
Clearly as Mj and My approach each other then (%%T) becomes Infinite
and as the distance between My and Mj {ncreases tﬁv gradients beconce
less steep,

To properly construct a model electron distributtion function, it

is necessary to consider the effect of a parallel electric field.
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Persson [1966] used the conservation of energy and the first
adiabatic Invarfant to show that {n the presence of parallel electrice

tields, the loss cone boundary is defined by a hyperbola (see Figure 6)

given hy
. . - 2 e
vV, T T IJVL+ m(\1,‘;-V) =0 (3)

where v and v, are the electron velocity components parallel and per-
pendicular to the magnetic field, respectively; B, and B are the mag-
netic fileld at mirror point and the observation point; V. and V are the
electric potential at the mirror and the ohservation points, respec-
tively; m is the electron mass, and e Is its charge. Since B is
measured by the $3-3 satellite, one only needs to know B, and WV (v;
-V) to determine the loss cone boundary given by Equation 3, As was
ment ioned earlier, typlcally 'V = 1kV. Location of Mj nn the other
hand is not exactly known and it can vary between 100 to 300 km above
the Earth's surface. Note, however, that since B; does not change
appreciably within this height interval, the loss cone boundary corre-
sponding to M) can be adequately determined by assuning 1] to be at an
altitude of 300 km. This boundary is shown in Figure 6,

In order to construct an electron distribution function F(v,a)
(where v is electron velocity) with steeper slopes in the loss cone

than those in the S3-3 distribution function, point My is chosen and

the loss cone houndary corresponding to this point is determined. It

is then assumed that F(v,u) is zero on and below the loss cone boundary
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of My and that it rises linearly with v and . to the values of the $3-3
distribution on the loss cone boundary of Mj. F(v,u} outside the loss
cone 1is the same as the S$3-3 distribution function. The assumption
that F(v,u) rises linearly with v and o between the two loss cone
boundaries can be justified by noting that these two boundaries are
extremely close to each other and, thus, in an expansion of F(v,.)
between these two boundaries the second and higher order terms can be
ignored.

In order to find the minimum slopes in the loss cone that are
required to result in a gain factor of g ~ 10, AM has been varied
between 3 and 100 km. An estimate of a reasonable value of M will he
given later, 1In Figure 8 the growth rates resulting from a distribu-
tion function with AM = 3 km arc shown (run #2). The difference
between these growth rates and those shown in Figure 5 1s striking. As
can be seen, large growth rates are obtained even when u < 70°,  The
reason is that, although for 3 < 70° most of the resonating electrons

JF
are outside the loss cone region where C;;“) is negative, the large and
T

positive (%%*) at the edge of the loss cone can easily overcome these
negative conérlbutions, and result in an overall growth for the waves.
Note that wj = 0 when the resonance ellipse falls below the loss cone
boundary corresponding to peint My, because there are no electrons
below this boundary. Note also that the two loss cone houndartes

corresponding to Mj and My are so close that they could not be resalved

in Figure 6, and that at a given velocity the diflerence in the losy

cone angles su = ) = ap is on the order of 1077 degrees.
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The path inteprated growths ot rays #1 throuyh #6 for the case of

AM o= Y ki (run #2) are shown fo Fiyure 9, 1t can be sceen that rays ]
and #2 whose group velocity is much less than the speed of light are
preatly amplified within a very short distance (L -5 km). On the
other hand, rays #3 through #b6 with Vg closer to the speed of light
take a longer distance for a similar amplification., At any rate, it is
obvious that all six rays are sufficiently amplified (g - I0) within

2 ~— 20 km, and thus the electron distribution function modeled by
taking MM = 3 km is easily capable of generating AKR,

Similar calculations with My at different positions have shown
that the distribution function with rthe minimum reguired slopes in the
loss cone Is obtained when "M = 70 km (run #3) which corresponds to
Lo 2 0.5 deprees, The | cowth rates tor this case are shown in Fipgnres
Iy and 11 for 9 varying from 80° down to 35°, Note that {n this case
both growth and damping can occur, depending upon the wave frequency.
In the paper by Omidi and Gurnett [1982] a qualitative plcture was
iven as to why two regions of growth and one region of damping are -
obtained (see Figure 5a), when the $3-3 distribution function is used
to calculate wy. It was show: that for wave frequencies within the
first or second growth regions most or all of the resonance ellfipses
fall instde of the loss cone, whereas at frequencies within the danping
region, most of the resonance ellipses fall outside of the loss cone,
and hence waves at these frequencies are damped. However, in the case
ot the growth rates shown in Figures 10 and 11, a similar argument does
not applv because of the absence of any electrous below the loss cone

boundary of Mo, While in this case a qualitative plcture for the *
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behavior of the growth rates does not exist, close examination of the
growth rate calculations indicate that the presence of trapped eloec-
trons in the distribution function plays an important role in the over-
all growth rates of the waves. 1In other words, while (%5_) is large
and positive at the edge of the loss cone, it is not largé enough to
always overcome the negative 6%5—) outside the loss cone, and thus
whether the resonance ellipse foé a particular frequency falls in the
regions of positive or negative (%%f) in the trapped part of the
distribution function, can affect tﬁe outcome of the growth rate
calculations for that frequency.

The path integrated growths of rays #1 through #6 correspond-
ing to run #3 are shown in Figure 12. In this case rays #1 and #2 can
be sufficiently amplified (g ~ 10) within 70 km. but on the other hand
rays #3 and #4 are initially amplified and suffer subsequent damping.
The reason for this difference can be seen by noting that for large Y
fg/f (Y > .99) growth c;n only be obtained when 8 ~ 80° or u < 60°,
Since rays #1 and #2 suffer extensive refraction their wave normal
angles soon become less than 60° and can therefore bhe amplified. The
fact that these rays have group velocities much less than ¢ also helps
to reduce the path lengths required to obtain sufficient amplification.
Rays #3 and #4 on the other hand do not suffer much refraction and
therefore their wave normal angle will not go below 60°, These rays

are therefore initially amplified (when L ~ 80°) but as they propagate

they begin to damp. Rays #5 and #6 suffer even less refraction than

rays #3 and #4., Therefore, it takes a longer distance before they
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begin to damp. 1t is clear from Figures 10 and 11 that rays with
Y < .99 and initial 4, ~ 75° (not traced in this study) may also be
amplified. However, since the group velocities of these waves would he
close to the speed of light, the path lengths required for sufficient
amplification would be on the order of 1000 km which is much too long.

As was mentioned earlier, the smallest velacity gradients in the
loss cone which allow for sufficient amplification of AKR correspond ton
a0 0.5 degrees. To see 1f such a iau 1s reasonable, the mean free
paths of the electrons (¢) as a function of height and electron energy
have been computed. These calculations were performed by using
ionization cross sections of 07, N3, and 0 given by Fquation 5 in Banks
et al. {1974] at electron energies of 0.5 and 5 keV. The atmospheric
neutral densities were obtained from the GOSPAR International Reference
Atmosphere, 1972, 1In Figure 13, two plots of . vs. altitude are shown
for an electron energy of 5 keV., The mean free paths of 0.5 keV
clectrons are smaller by about a factor of 5. 1In panel (a) of Figure
13, the "maximal” model of the atmosphere was used to determine the
neutral densities as a function of height, whereas in panel (b) the
"minimal” model was utilized.

Using the electron mean-free paths shown in panel (a), we have

calculated the electron reflection coefficient r defined as:

(4)




where np is the density of the reflected electrons at a given cneryy

and pitch angle and is given by:

In Equation 5, n, is the electron density at a given energy and pitch
angle at the height wnere the electron mean free path is essentially
infinite (in this study altitude of 700 km). Also, s correspounds to
the distance travelled by the electrons along their helical orbit
before they are mirrored back. The factor of two in the expounential
accounts for the scattering of the electrons after they are wmirrvored
back. Note that because the electron orbit is a function of both
energy and pitch angle and also © i{s a function of cnerpy, r 15 a
function of both the electron energy and pitch angle.

In Figure 14, two plots of r vs. pitch angle are shown. In panel
(a) of this figure, the reflection coefficients of 0.5 keV electrons
are shown, whereas in panel (b) those of 5 keV electrons are
fllustrated. As can be seen in Figure 14, the reflection coefficient r
drops rapidly from one to zero within a couple of degrees in bhoth
panels (a) and (b). However, the pitch angle at which r begins to drop
is a function of electron energy. This effect is due to the parallel
electric field, and is consistent with the fact that in the presence of
a parallel clectric field, the loss cone boundary is a hyperbola. At
any rate, it {s clear that asing the electron mean free paths shown In

panel (a) of Figure 13, Aa {s about two degrees. However, decroasiag
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the mean free paths by a factor of three or four would allow r Lo droup
from 0.9 to 0.1 within half degrees or less. Since in this study we

have only considered ionization cross sections, and have ignored other
types of collisions like elastic and Coulomb collisions, it is possible

that electron mean free paths are indeed smaller than those shown in

Figure 13. 1In that case, 4u ~ 0.5 degrees could be a reasonable value.




V. DISCUSSION AND CONCLUSION

The aim of this study has been to see if a typical electron dis-
.ribution function measured in the auroral region by the S$3-3 can
sufficiently amplify R-X mode waves, It has been demonstrated that
the electron distribution function measured by the S3-3 satellite
(shown in Figure 6) cannot result in sufficient amplification of waves,
and that much steeper slopes at the edges of the loss cone are
required. By artificially steepening the velocity space gradients at
the edge of the loss cone, we have shown that the anguiar width of the
edge of the loss cone must be au ~ 0.5 degrees in order to have ade~
quate growth. Assuming that backscattered electrons and ionospheric
electrons are negligible, computations of the absorption of electruns
by collisions with the neutral atmosphere shows that the edge of the
loss cone can have a width as small as Aa ~ 2 degrees. However, inclu-
sion of the elastic and Coulomb collisions in the electron mean free
path (.) calculations and also the uncertainty in the atmospheric
neutral densities could decrease L by a factor of 3 or more which would
then reduce ’.u to about 0,5 degrees. Thus, loss cone edges with widths
as small as s« ~ 0,5 degrees are in principle possible. Future
observations and more detailed theoretical study of the backscattering
of downgoing electrons with the {onospheric particles are needed to

establish whether such steep veloclty gradients actually exist. At

present, no measurements are avallable with sufficiently good angular




resolut ton to resolve such steep gradients, Measurements of this type
are needed and should be made on future auroral missions.

Finally, a few comments on the laser feedback model proposed tfor
the senerat ton of AKR by Calvert [1982] are in order., In this model
density irrvepularities are employed to partially reflect the waves and
thereby allow an oscillator type mechanism to operate. It has been
pointed out by Calvert {1982] that in this model, a total wave growth
of about 40 dB per loop is required. It is clear from Figure 7 that
again such gains cannot be achieved by the electron distribution func-
tion shown in Figure 6. 1In addition, since a wave propagating along a
loop will at some portions of the loop (downgolng side) resonate with
the downgoing electrons and most probably be damped (see Omidi et al.,
] 1984}), the amplification along the upgoing portion of the loop will
have to conpensate tor this damping. This again demonstrates the need

for steeper slopes in the loss cone, if the cyclotron maser mechanism

is to remain a viable onne.
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TABLE 1
Ray Yo : ng/f fo 1in dég?ées wo in degreeg-
Number .
1 0.997 85° 90°
oo
l
2 0.997 80° 0.0°
3 0.992 85° 90°
4 0.992 85° 0.0°
5 0.990 85° 90°
6 0.990 85° 20°
fgo = 160 kHz
fp = 0.05 fg
£
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Figure 1

Figure 2

Figure 3
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FIGURE CAPTIONS

In la, the coordinate systemns ({, j, ﬁ) with k along
the magnetic pole and (Q, 9, é) whose origin is the
launching point for all rays are shown. Note that
(Q, §) plane forms the stratified plane. 1In Ib the
index of refraction surface and the wave normal angle

v and the azimuthal angle , are shown. (x', v', z')

is parallel to (g, ;, z).

Typical ray paths for four waves are shown. Rays (a)
and (b) propagate in the front meridian plane,
whereas rays (c) and (d) travel in the longitudinal
as well as radial and latitudinal directions. Rays
(a) and (c) have frequencies near the cutoff whereas
rays (b) and (d) have frequencies much above the

cutoff,

Variations of 4 as a function of path length are
shown for rays #1 through #6. The total path length
for each ray is 100 km. Note that ravs #1 and #2

with f near fr=g suffer more refraction than rays

#3 through #6,
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Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

13

Variations of magnetic latitude and longitude of
rays #1 through #6 are shown. The total path length
for each ray is 400 km. Ali rays are started at the

magnetic latitude of 70° and longitude of 0°,

Growth and damping rates of upgoing AKR as a function
of frequency for four wave normal angles are shown.
wi was computed by using the exact distribution

function measured by the S3~3 satellite, run #1,

The electron distribution function measured by the
S$3-3 satellite and the loss cone boundary are shown.
This distributfon was used in run #1. 1In runs #2 and
#3, the region below the loss cone boundary was

assumed to be empty.

The number of e-foldings that the wave electric field
grows or damps by (g), as a function of path length

(L) for run #1.

Growth rates of AKR with My at 3 km below the

mirvoring point M; (run #2),

The number of e-foldings that the wave electric field

grows by (g), as a functtion of path length (L) for

run #2.
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Figure 10 GCrowth rates of AKR with My at 70 km below My 7run

#3) for v between 80° and 60°,

Figure 11 Growth rates of AKR with M5 at 70 km below My (run

e Yy s

#3) for o between 55° and 35°.

Figure 12 The number of e~foldings that the wave electric field .
grows or damps by (g), as a function of path leagth

(L) for run #3,

Figure 13 Electron mean free path plotted as a function of

pote v v

—-

altitude. In 8a the "maximal” model for the
atmospheric densities are uses, whercas in 8b the

"minimal” model is utilized.

Figure 14 Plots of r vs, pitch angle for electron energies of

7 S i e Sy T = e

0.5 and 5. keV.
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